As the global production of chicken manure has steadily increased, its proper management has become a challenging issue. This study examined process effluent from a bioethanol plant as a co-substrate for efficient anaerobic digestion of chicken manure. An anaerobic continuous reactor was operated in mono-and co-digestion modes by adding increasing amounts of the ethanol plant effluent (0%, 10%, and 20% (v/v) of chicken manure). Methanogenic performance improved significantly in terms of both methane production rate and yield (by up to 66% and 36%, respectively), with an increase in organic loading rate over the experimental phases. Correspondingly, the specific methanogenic activity was significantly higher in the co-digestion sludge than in the mono-digestion sludge. The reactor did not suffer any apparent process imbalance, ammonia inhibition, or nutrient limitation throughout the experiment, with the removal of volatile solids being stably maintained (56.3-58.9%). The amount of ethanol plant effluent appears to directly affect the rate of acidification, and its addition at ≥20% (v/v) to chicken manure needs to be avoided to maintain a stable pH. The overall results suggest that anerobic co-digestion with ethanol plant effluent may provide a practical means for the stable treatment and valorization of chicken manure.
Introduction
Chicken manure (CM) is a potential source of many environmental problems, and its proper management is a challenging task. If discharged without proper treatment, CM can cause serious environmental problems, such as odor, pathogen release, attraction of pests, and contamination of soil and water bodies [1, 2] . Various technologies, such as land application, refeeding to animals, and composting, have been applied for the treatment of CM [3] . Combustion can be a feasible and reliable way to treat CM, particularly when coupled with energy recovery. A recent study demonstrated the production of electricity from the fluidized bed combustion of CM, with the subsequent recycling of the ash as a soil conditioner or mineral fertilizer, in a full-scale installation [4] . This process was suggested to be a sustainable alternative to direct land application as it can reduce the use of fossil fuels and save emissions. Anaerobic digestion (AD) is also considered an attractive option for the treatment of CM and other high-strength organic wastes because of its ability to degrade organic pollutants while producing methane-rich biogas [5] . This characteristic makes AD a promising technology for sustainable energy production. Additionally, digestate can be used as a fertilizer or soil amendment, which can be a substantial benefit in rural areas [3] . Highly organic and nutrient-rich CM is an attractive feedstock for biogas production [6] . However, mono-digestion of CM as a sole feedstock often fails to achieve and maintain stable AD performance due to nutrient imbalance, particularly between carbon (C) and nitrogen (N) [7] . The low C/N ratio of CM, ranging from 7-10 [8] , is inhibitory to microbial growth and can lead to significant deterioration of methanogenic performance [9] . Ammonia is released from the degradation of nitrogen-containing compounds, such as protein and urea, and accumulates in the form of free ammonia or ammonium ions, according to pH and temperature, in AD environments. Free ammonia is particularly toxic, and its excessive accumulation over 100 mg NH 3 -N/L should be avoided to maintain stable AD [10] .
A simple and effective approach to overcome such limitations of mono-digestion is adding a co-substrate that can amend the chemical properties of the substrate mixture [11] . Co-digestion offers several advantages over mono-digestion for stable process operation by, for example, correcting nutrient imbalance, improving buffering capacity, and/or diluting inhibitors [12, 13] . Of note is that co-substrate addition can have not only positive but also negative effects on AD performance or the quality of biogas and digestate [14] . Therefore, selecting a suitable co-substrate and mixing ratio is critical for successful co-digestion, and many studies have examined different substrate mixtures for enhanced biomethanation of difficult substrates, such as sewage sludge, animal manure, and spent coffee grounds [15] [16] [17] . Positive effects of co-digesting CM with other organic wastes on biogas production have been demonstrated in previous studies, particularly with carbon-rich biomass which can improve the C/N balance, for example, corn stover [18] , maize silage [19] , wheat straw [20] , and apple pulp [21] . Moreover, readily biodegradable co-substrates which can boost hydrolysis and fermentation activities, for example, food waste [22] and cheese whey [23] , have been used to improve the utilization of particulate organic matter in CM.
Byproducts from an ethanol production plant, rich in readily utilizable organic matter with a low nitrogen content, seem to have a strong potential as co-substrates for co-digestion with CM [24] . Global ethanol production increased two-fold from 13-27 billion gallons from 2007 to 2017 (Alternative Fuels Data Center; https://afdc.energy.gov/data). Thus, how to treat fermentation residues has become a pressing challenge as the world ethanol market has continued to grow, and valorizing the fermentation residues to biogas through co-digestion with CM can help to improve the sustainability and economy of ethanol production. However, little has been researched on the co-digestion of CM and bioethanol residues, particularly in continuous operation. To address this gap, this study investigated the effect and feasibility of adding process effluent from a bioethanol plant (BPE) as a co-substrate for the continuous anaerobic treatment of CM. A 39 L reactor was run in mono-and co-digestion modes with CM as the base substrate. BPE was added to the substrate mixture in different amounts during the co-digestion experiment to assess the effects of different substrate characteristics and compositions. The results of this study provide a useful reference for the implementation of co-digestion for CM treatment.
Materials and Methods

Substrate and Inoculum
Fresh CM was collected from an egg farm (Hudson, CO, USA) and sieved through a 3.3 mm mesh. The sieved CM was divided into equal portions (1.7 kg wet weight) and stored at −18 • C until use. The frozen CM was thawed at 4 • C for 1 day before use and diluted at a ratio of 1:4 (v/v) with tap water. The diluted CM was used as the base substrate for the co-digestion experiments. BPE was collected from a pilot-scale ethanol plant using lignocellulosic biomass hydrolysates as feedstock (GeoSynFuels, Golden, CO, USA). The characteristics of the substrates used in this study are presented in Table 1 . The anaerobic sludge used as the inoculum was taken from a full-scale digester at a wastewater treatment plant (Littleton, CO, USA) and sieved through a 2.5 mm mesh. The total solids (TS) content of the inoculum was 27.8 g/L, with 70.5% of it being volatile solids (VS). 
Reactor Start-Up and Operation
A continuously stirred anaerobic tank reactor with a 39 L working volume was operated at 35 ± 1 • C. The reactor pH was maintained above 7.0 with a 1:1 (v/v) mixture of 5 N NaOH and 5 N KOH solutions throughout the experiment. The reactor was installed with a wet tip gas meter (Wet Tip Gas Meter Co., Nashville, TN, USA) to measure biogas production.
The reactor was initially filled with the inoculum and tap water (25:75, v/v) and starved for two weeks. Synthetic wastewater containing glucose as the main carbon source was then added to each reactor at a concentration of 5.0 g chemical oxygen demand (COD)/L in batch mode. The stock solution of synthetic wastewater of 100 g COD/L contained (per L): 85.0 g glucose, 8.0 g meat extract, 26.0 g NH 4 Cl, 1.50 g CaCl 2 ·2H 2 O, 1.25 g FeCl 2 ·4H 2 O, 1.25 g MgSO 4 ·7H 2 O, 5.03 g K 2 HPO 4 , and 1.00 g Na 2 S·9H 2 O. To each liter of the prepared wastewater, 1 mL of a trace element stock solution was added with the following composition (per L): 50 mg H 3 BO 3 , 500 mg MnSO 4 ·H 2 O, 50 mg (NH 4 ) 6 Mo 7 O 24 ·4H 2 O, 50 mg AlCl 3 , 50 mg NiCl 2 , 50 mg CoCl 2 ·6H 2 O, 50 mg ZnCl 2 , 30 mg CuCl 2 , and 1 mL HCl (36%, w/w). The stock solutions were kept at 4 • C. The synthetic wastewater had a COD:N:P ratio close to 300:5:1, which is often recommended for anaerobic culture and biogas production [25] . Once the biogas production was observed, semi-continuous operation started. The reactor was operated with daily feeding of the synthetic wastewater at an organic loading rate (OLR) of 1.5 g COD/L/day for over a month until stable performance was reached.
After the start-up operation with the synthetic wastewater for microbial enrichment, the reactor started to be fed with CM as the sole substrate at a feeding frequency of four times a day (set as day 0). The reactor was operated at a hydraulic retention time (HRT) of 19.5 days during the mono-digestion for more than five turnovers of the working volume (Phase I) and then run in co-digestion mode at shorter HRTs (Phases II and III) ( Table 2 ). CM was used as the base substrate during Phases II and III in the same amount as for the mono-digestion experiment. BPE was added at 10% and 20% (v/v) of CM during Phases II and III, respectively, to investigate the effects of different substrate characteristics and compositions. The HRT and OLR were changed according to the increase in the addition of BPE over the experimental phases. The reactor pH was not controlled during Phases I to III. 
Specific Methanogenic Activity Test
Specific methanogenic activity (SMA) was determined in duplicate using serum bottles of a working volume of 130 mL as described previously [26] . The sludge biomass for the SMA assay was taken at the end of the mono-and co-digestion phases. Each biomass was tested with different substrates at 2000 mg COD/L: glucose, acetate, propionate, n-butyrate, a mixture of acetate and propionate (2:1 molar ratio), and a mixture of acetate, propionate, and n-butyrate (2:1:1 molar ratio). Inorganic nutrients and trace mineral solutions were added for the growth of anaerobic microorganisms. The SMA culture media were initially neutralized with 10 N NaOH or 10 N HCl solutions, and NaHCO 3 was added as necessary to maintain a neutral pH.
The kinetics of methane production were evaluated using a modified Gompertz model (Equation (1)):
where M t is the cumulative methane production (mL) at time t (d), M p is the methane production potential (mL), R m is the maximum methane production rate (mL/d), λ is the lag phase length (d), and t is the incubation time (d). SMA was determined by dividing R m by the amount of inoculum used (volatile solids).
Analytical Methods
Total COD (tCOD) and soluble COD (sCOD) were measured by the closed reflux colorimetric method [27] . Solids, total nitrogen (TN), and total carbon (TC) were determined as per the procedures described previously. Volatile fatty acids (VFAs, ≤C 6 ) were analyzed using a gas chromatograph (GC 2014, Shimadzu, Japan) equipped with a flame ionization detector and a carbowax packed column (Supelco, Bellefonte, PA, USA), with nitrogen as the carrier gas. Samples for sCOD and VFA measurements were prepared by filtration through a glass-fiber filter (Whatman GF/C; 1.2 µm pore size). Biogas composition was determined using a gas chromatograph (SRI 8610C; Torrance, CA, USA) equipped with a thermal conductivity detector and a molecular sieve 13X packed column (Restek, Bellefonte, PA, USA), with argon as the carrier gas. Total ammonia nitrogen (TAN) and lactic acid were quantified using a 7100 MBS analyzer (YSI Life Sciences, Yellow Springs, OH, USA). Phosphorous, calcium, potassium, and sodium were quantified using an inductively coupled plasma mass spectrometer (ICP-MS; Leeman Labs Inc., Hudson, NH, USA).
Results and Discussion
After approximately one month of continuous mono-digestion of CM, the methane content of the biogas remained relatively stable at around 50% until the end of the experiment, regardless of the addition of BPE. Table 3 summarizes the performance of the reactor during the experimental phases. Methane production rate (MPR), that is, the volume of methane produced per unit volume of reactor per unit time, increased as the OLR increased with co-feeding of BPE (Phases II and III). The highest MPR was observed in Phase III (258 mL/L/d), which was 66% higher than that in Phase I (155 mL/L/d). This increase in MPR is attributable to the addition of a more readily utilizable co-substrate BPE. Correspondingly, tCOD removal efficiency also increased over the experimental phases. Meanwhile, VS removal varied little (56.2-61.5%) across the experimental phases, which can be attributed to the high tCOD/VS ratio of BPE (15 g tCOD/g VS; Table 1 ). The observed VS removal was comparable to previously reported data for the continuous AD of CM (30-55%) [28] . It is noteworthy that MPR fluctuated more during the co-digestion phases than during the mono-digestion phase (Figure 1) , which may be related to the feeding frequency of BPE. Given its high COD content, semi-daily feeding of BPE may have caused temporary overloading that directly affected the AD performance. This result suggests that the effect of feeding regime needs to be considered for stable operation of a co-digestion process when feeding a co-substrate with high organic content. Applying a higher feeding frequency or fully continuous feeding of BPE may help to reduce the fluctuations in methane production during co-digestion with CM [29, 30] . The methane yield per VS fed (Y Mf ) in Phase I was 396 mL/g VS, which corresponds to the values reported for the mono-digestion of CM in other studies (200-400 mL/g VS) [1, 28, 31] . With the addition of BPE over the following co-digestion phases, Y Mf increased significantly to 478 mL/g VS fed in Phase II and then to 540 mL/g VS fed in Phase III. The methane yield per VS removed (MY r ) also increased correspondingly over the co-digestion phases ( Table 3 ). These results show that digesting CM with BPE as a co-substrate could enhance the anaerobic conversion of organic solids in the substrate mixture. 
After approximately one month of continuous mono-digestion of CM, the methane content of the biogas remained relatively stable at around 50% until the end of the experiment, regardless of the addition of BPE. Table 3 summarizes the performance of the reactor during the experimental phases. Methane production rate (MPR), that is, the volume of methane produced per unit volume of reactor per unit time, increased as the OLR increased with co-feeding of BPE (Phases II and III). The highest MPR was observed in Phase III (258 mL/L/d), which was 66% higher than that in Phase I (155 mL/L/d). This increase in MPR is attributable to the addition of a more readily utilizable co-substrate BPE. Correspondingly, tCOD removal efficiency also increased over the experimental phases. Meanwhile, VS removal varied little (56.2-61.5%) across the experimental phases, which can be attributed to the high tCOD/VS ratio of BPE (15 g tCOD/g VS; Table 1 ). The observed VS removal was comparable to previously reported data for the continuous AD of CM (30-55%) [28] . It is noteworthy that MPR fluctuated more during the co-digestion phases than during the mono-digestion phase (Figure 1 ), which may be related to the feeding frequency of BPE. Given its high COD content, semi-daily feeding of BPE may have caused temporary overloading that directly affected the AD performance. This result suggests that the effect of feeding regime needs to be considered for stable operation of a co-digestion process when feeding a co-substrate with high organic content. Applying a higher feeding frequency or fully continuous feeding of BPE may help to reduce the fluctuations in methane production during co-digestion with CM [29, 30] . The methane yield per VS fed (YMf) in Phase I was 396 mL/g VS, which corresponds to the values reported for the mono-digestion of CM in other studies (200-400 mL/g VS) [1, 28, 31] . With the addition of BPE over the following co-digestion phases, YMf increased significantly to 478 mL/g VS fed in Phase II and then to 540 mL/g VS fed in Phase III. The methane yield per VS removed (MYr) also increased correspondingly over the co-digestion phases ( Table 3 ). These results show that digesting CM with BPE as a co-substrate could enhance the anaerobic conversion of organic solids in the substrate mixture. Acetate, propionate, butyrate, and valerate were the major intermediate VFAs, and their total concentration remained at low levels (<200 mg/L as COD) after approximately two months of CM mono-digestion and until the end of the experiment (Figure 2A ). Lactate was not detected throughout the experiment (data not shown), which can be attributed to the rapid conversion of lactate by diverse bacteria to VFAs, particularly acetate and propionate, in anaerobic environments [32] . Although small amounts of VFAs accumulated temporarily during the experimental phases, their concentration profiles were generally stable, especially during Phases II and III. Correspondingly, the reactor pH remained in a neutral range throughout the experiment without pH control, except for Phase III where an alkaline solution (see Section 2.2) was added to maintain the pH above 7.0 ( Figure 2B) . These results suggest that BPE can be co-fed up to 10% (v/v) with CM for the stable co-digestion of the mixture under uncontrolled pH conditions. The need for pH control during Phase III indicated that, unless the reactor pH was controlled, co-feeding BPE at 20% (v/v) with CM would lead to a process imbalance or reactor souring. The explanation for this can be that the increased loading of readily biodegradable organic matter promotes fermentation and potentially causes an imbalance between the production and consumption of organic acids [33] . The use of buffer chemicals for pH control has drawbacks such as additional operating costs and accumulation of potentially toxic salts [32] . Therefore, the mixing ratio between CM and BPE is an important factor to consider for their stable and cost-effective co-digestion under uncontrolled pH conditions. Of note here is that the amount of BPE co-fed with CM directly affects the acidification rate, and the co-digestion system may be upset at a BPE-to-CM ratio between 10% and 20% (v/v). Due to the nature of the experimental design, it was not possible to determine in this study whether digester acidification occurs at a BPE-to-CM ratio of 20% (v/v) or at a lower percentage.
The TAN concentration gradually decreased from 1000 mg/L to 400 mg/L during Phase I and then remained at 300 mg/L to 400 mg/L during Phases II and III ( Figure 2B ). TAN exists predominantly as NH 4 + -N under the pH and temperature conditions of the reactor, and the concentration of free ammonia (NH 3 -N) was estimated to be less than 20 mg/L throughout the experiment. This is well below the threshold above which methanogenic activity can be significantly inhibited [10] . Meanwhile, the NH 4 + -N concentration remained well above the required minimum of 40-70 mg/L for stable methanogenic activity [10] throughout the experiment. These results suggest that there was neither ammonia inhibition nor nitrogen limitation in the reactor. Given that ammonia acts as a buffer against acidification, residual ammonia, liberated primarily from proteins and urea in CM, likely also contributed to the maintenance of neutral pH.
The SMA values of the reactor biomass, taken during Phases I and III for six different carbon sources, are presented in Table 4 . The SMA test is used to assess the substrate-dependent methanogenic activity and viability of microbial biomass. Each biomass showed generally comparable results for the VFAs and VFA mixtures used for the SMA tests, with the SMA for glucose being significantly lower. This difference is attributable to the consumption of carbon and energy for the fermentative conversion of glucose to VFAs. It is worth noting that the co-digestion biomass from Phase III had significantly higher SMA values (by 24.6-68.7%) than the mono-digestion biomass from Phase I for all substrates tested. This result corresponds to the increased methane production rate and yield over the experimental phases with the addition of BPE (Table 3) , further supporting the enhancing effect of the co-digestion of CM with BPE on methanogenic activity. The TAN concentration gradually decreased from 1000 mg/L to 400 mg/L during Phase I and then remained at 300 mg/L to 400 mg/L during Phases II and III ( Figure 2B ). TAN exists predominantly as NH4 + -N under the pH and temperature conditions of the reactor, and the concentration of free ammonia (NH3-N) was estimated to be less than 20 mg/L throughout the experiment. This is well below the threshold above which methanogenic activity can be significantly inhibited [10] . Meanwhile, the NH4 + -N concentration remained well above the required minimum of 40-70 mg/L for stable methanogenic activity [10] throughout the experiment. These results suggest that there was neither ammonia inhibition nor nitrogen limitation in the reactor. Given that ammonia acts as a buffer against acidification, residual ammonia, liberated primarily from proteins and urea in CM, likely also contributed to the maintenance of neutral pH.
The SMA values of the reactor biomass, taken during Phases I and III for six different carbon sources, are presented in Table 4 . The SMA test is used to assess the substrate-dependent methanogenic activity and viability of microbial biomass. Each biomass showed generally comparable results for the VFAs and VFA mixtures used for the SMA tests, with the SMA for glucose being significantly lower. This difference is attributable to the consumption of carbon and energy for The overall results suggest that CM can be effectively and stably co-digested with BPE. The reactor performance was enhanced in terms of both methane production rate and yield with the addition of BPE as a co-substrate. BPE is highly rich in carbohydrates, including residual sugars from ethanol fermentation, and the beneficial effect of co-digestion seems to be largely due to the increase in readily utilizable organic carbon, whereby the reactor microbial activity, and also the substrate C/N ratio, could be improved. Many previous studies have examined the anaerobic co-digestion of CM with other organic wastes and reported beneficial effects of co-digestion on methane production. However, as described in the introduction, most of these studies have tested agricultural residues with a high C/N ratio (i.e., adjustment of substrate C/N ratio) [18] [19] [20] [21] or readily biodegradable food and food-processing wastes (i.e., enhanced hydrolysis of particulate organic matter) [22, 23] as co-substrates, and there is little literature on the use of BPE as a co-substrate for the AD of CM. Moreover, the majority of previous studies were conducted in batch mode, and limited information is available on the anaerobic treatment of CM through co-digestion in continuous mode. Therefore, the results of the present study, which performed the anaerobic co-digestion of CM with BPE in continuous mode, will provide a useful addition to the literature on the management of CM and other animal manures. Co-digestion studies of CM with high C/N ratio lignocellulosic biomass, such as corn stover or maize silage, suggested a CM proportion of 20-50% (on a VS basis) in the substrate mixture for stable AD [18, 19] . In this study, the experimental reactor achieved stable AD performance at CM proportions higher than 80% (on a VS basis) in continuous mode without significant ammonia inhibition, which can be attributed to the very high organic carbon content of BPE. A study which co-digested CM with readily biodegradable cheese whey in continuous mode reported a safe limit of 50% whey proportion (on a VS basis) to prevent performance deterioration due to acidification [23] . Similarly, acidification was observed in the present study during co-digestion at a BPE-to-CM ratio of 20% (v/v), which corresponds to a CM proportion of 18% (on a VS basis). These results suggest that BPE is an effective co-substrate for the anaerobic treatment of CM and can significantly improve the AD of the CM/BPE mixture even with a relatively small amount of addition.
Conclusions
Anaerobic co-digestion of CM with BPE was tested with increasing amounts of BPE addition (0%, 10%, and 20% (v/v) of CM) in continuous mode. The methane production rate and yield increased significantly by up to 66% and 36%, respectively, as a result of the increase in organic and hydraulic loading rates with the addition of BPE. Additionally, the co-digestion biomass showed significantly higher SMA values than the mono-digestion biomass for all substrates tested (i.e., acetate, propionate, n-butyrate, mixed VFAs, and glucose). There was no sign of process imbalance, ammonia inhibition, or nutrient limitation throughout the experiment. The overall results suggest that BPE is a suitable co-substrate for effective treatment and valorization of CM, and potentially other animal manures, through AD. 
